A limnological survey of eight small, atmospherically acidified, forested glacial lakes in the Bohemian Forest (Šumava, Böhmerwald) was performed in September 2003. Water chemistry of the tributaries and surface layer of each lake was determined, as well as species composition and biomass of the plankton along the water column, and littoral macrozoobenthos to assess the present status of the lakes. The progress in chemical reversal and biological recovery from acid stress was evaluated by comparing the current status of the lakes with results of a survey four years ago (1999) and former acidification data since the early 1990s. Both the current chemical lake status and the pelagic food web structure reflected the acidity of the tributaries and their aluminium (Al) and phosphorus (P) concentrations. One mesotrophic (Plešné jezero) and three oligotrophic lakes (Černé jezero, Čertovo jezero, and Rachelsee) are still chronically acidified, while four other oligotrophic lakes (Kleiner Arbersee, Prášilské jezero, Grosser Arbersee, and Laka) have recovered their carbonate buffering system. Total plankton biomass was very low and largely dominated by filamentous bacteria in the acidified oligotrophic lakes, while the mesotrophic lake had a higher biomass and was dominated by phytoplankton, which apparently profited from the higher P input. In contrast, both phytoplankton and crustacean zooplankton accounted for the majority of plankton biomass in the recovering lakes. This study has shown further progress in the reversal of lake water chemistry as well as further evidence of biological recovery compared to the 1999 survey. While no changes occurred in species composition of phytoplankton, a new ciliate species was found in one lake. In several lakes, this survey documented a return of zooplankton (e.g., Cladocera: Ceriodaphnia quadrangula and Rotifera: three Keratella species) and macrozoobenthos species (e.g., Ephemeroptera and Plecoptera). The beginning of biological recovery has been delayed for ∼20 years after chemical reversal of the lakes.
Introduction
Small glacial mountain lakes with water of low ionic strength water usually host less complex pelagic communities compared to larger water bodies. Such headwater lake ecosystems are greatly vulnerable to atmospheric acidification (e.g., Kalff, 2002) , which has caused a dramatic reduction of biodiversity followed by disruption of food web structure in many lake districts since the middle of the 20 th century (e.g., Schindler, 1988) . Deposition of acidifying pollutants has significantly declined in Europe and North America, particularly due to reduced sulphur (S) emissions since the 1980s, leading to a partial reversal of surface waters from acidification (Stoddard et al., 1999) . A corre-sponding biological recovery of these areas has, however, been significantly delayed or uncertain (Jeffries et al., 2003; Skjelkvåle et al., 2003; Wright et al., 2005) .
Like the whole region of Central Europe, the Bohemian Forest (Šumava, Böhmerwald) was exposed to heavy atmospheric pollution during the last century, followed by a significant drop in both S and nitrogen (N) depositions during the last two decades (Kopáček et al., , 2002 . Due to severe acidification, the Bohemian Forest lakes became unique ecosystems, with bacterioplankton and/or phytoplankton largely dominating their pelagic biomass, the complete absence of fish, and significantly reduced or even extinct crustacean zooplankton (Vrba et al., 2003a, b Explanations: Codes and names of the lakes: CN -Černé jezero; CT -Čertovo jezero; PL -Plešné jezero; PR -Prášilské jezero; RA -Rachelsee; GA -Grosser Arbersee; KA -Kleiner Arbersee; LA -Laka. For locations see Fig. 1 ; for more detailed information on lakes and their catchments see VRBA et al. (2000) and JANSKÝ et al. (2005) .
Czech Republic
Poland Germany ing to their acidification status in 1999, eight Bohemian Forest lakes were divided into three categories: (i) strongly acidified lakes (Černé jezero, Čertovo jezero, Rachelsee, Plešné jezero), (ii) moderately acidified lakes (Prášilské jezero, Kleiner Arbersee), and (iii) slightly acidified lakes (Grosser Arbersee, Laka) (Vrba et al., , 2003a .
This study presents both current species composition and carbon biomass of the plankton, together with relevant chemistry of the Bohemian Forest lakes. In addition, we present the first comparison of littoral macrozoobenthos assemblages in all the lakes. Our main objective is to compare the new (2003) data with a former survey from 1999 and older acidification data since the early 1990s, in order to evaluate biological recovery of the lakes from acid stress.
Material and methods
Eight small, glacial lakes (see Tab. 1 for lake names and their codes used further in the text) in the Bohemian Forest (C Europe) were studied. The lakes are situated along the border between the Czech Republic and Germany (Fig. 1) in steep, forested (Norway spruce) catchments with acid sensitive bedrock (mica-schist or granite); for detailed morphological data and land use history, see VESELÝ (1994) , WEIL-NER (1997) , VRBA et al. (2000) and JANSKÝ et al. (2005) .
Samples of lake water were taken at the deepest points of the lakes during 10 days in early September 2003. The samples for chemical analyses were taken from the epilimnion (0.5 m depth) and were immediately filtered through a 200 µm polyamide sieve. The samples for microbial analyses were sampled with a van Dorn sampler (1 m length, 6.4 L volume) from specific depths (5-6 samples along the vertical profile in the deep lakes, except for the shallow KA and LA with 3 and 2 samples, respectively). The samples were fixed with either formaldehyde (for bacteria) or acid Lugol's solution (for phytoplankton and ciliates). Large zooplankton were sampled by several vertical hauls with a quantitative net (200 µm mesh size) of the Apstein type, while small zooplankton were sampled with the van Dorn sampler from the same depths as microorganisms, and concentrated by a plankton net (40 µm mesh size); both samples were preserved by formaldehyde. Temperature and dissolved oxygen were measured with a DataSonde 4 (Hydrolab, USA) at 0.5m intervals.
Main tributaries were sampled near their inlets to the lakes and the water discharges were estimated by means of Biological recovery of Bohemian Forest lakes S455 a bucket and stopwatch. Samples were filtered immediately through a 40 µm polyamide sieve to remove coarse particles re-suspended from the streambed during sampling. Each inlet sample was analysed separately. The chemistry and discharge of the inlets were used to calculate the dischargeweighted mean chemical composition of total water input to each lake.
In the laboratory, water samples were filtered with either membrane filters (pore size of 0.45 µm) for the determination of ions (ion chromatography) and silica (Si) or with glass-fibre filters (pore size of 0.4 µm) for other analyses, except for samples for pH, acid neutralizing capacity (ANC, determined by Gran titration), and total concentrations of aluminium (Al), phosphorus (P), carbon (C), and N, which were not filtered beyond the field pre-filter. Dissolved organic C (DOC) and particulate C (Cpart) were analysed with a LiquiTOC analyser (Foss/Heraeus) for the filtrate, and by combustion of the glass-fibre filter for the retained particulate organic matter, respectively. Soluble reactive P (SRP), total P (TP; after perchloric acid digestion), and dissolved reactive Si were determined by molybdate methods. When the SRP concentration was below the detection limit of 1.5 µg L −1 , a half of this value was used as the result in subsequent data evaluation. Total organic N (TON) was calculated as the difference between the Kjeldahl N and NH4-N, determined by Kjeldahl digestion and ion chromatography, respectively. Fractionation of Al, i.e., total reactive Al (AlT), dissolved Al (AlD), and organically bound Al (Alorg), were analysed in non-filtered samples, filtered samples, and cation exchange treated samples after their filtration, respectively (DRISCOLL, 1984) . Ionic Al (Ali) was obtained as the difference between AlD and Alorg. Particulate Al (Alpart) was the difference between AlT and AlD. More details on analytical methods are given by KOPÁČEK et al. (2006a) .
Macrozoobenthos were collected by using metal cups or sampling nets for 10-15 min mostly by means of the "kicking technique" (KERSHAW & FROST, 1978) , i.e., by digging in the stony and sandy bottoms in the littoral zone (up to ∼0.5 m water depth) of the lakes. In parallel, attention was also paid to submerged aquatic plants (sweeping by metal cups) and to the surface of larger stones in the littoral zone. Adults collected flying or sitting on the vegetation were not considered since determining the share of those emigrating from running waters near the lakes was impossible.
Bacterioplankton were counted and sized after DAPI staining on black Poretics filters using an epifluorescence microscope (Olympus BX-60 or AX-70) and an image analysis system (Lucia D 3.52 or G/F 4.11, Laboratory Imaging, www.lim.cz). We quantified sole unicellular bacteria separately, and used the line intercept method for quantification of the total length of bacterial filaments .
Phytoplankton counting was done in Utermöhl's sedimentation chambers on an inverted microscope (Nikon Diaphot). A pre-sedimentation of samples (5×) was usually necessary except for the PL samples. Total biovolume of filamentous cyanobacteria was estimated in sedimentation chambers using the line intercept method . Cell volumes were estimated by shape assimilation to known geometric forms (STRAŠKRABOVÁ et al., 1999) . Concentration of chlorophyll-a (Chl-a) was determined spectrophotometrically on Whatman GF/C filters after acetone extraction (LORENZEN, 1967) ; values were not corrected for phaeopigments.
Samples for ciliate analysis were postfixed with Bouin's fluid. The quantitative protargol staining was applied (MONTAGNES & LYNN, 1993) ; samples were dehydrated in ethanol, phenol-xylol and xylol series, and neutral Canada balsam-mounted. The whole filter area was inspected at 500× to 1250× on microscopes equipped with Nomarski (DIC) contrast (Olympus, Nikon, or Leica) . FOISSNER (1994 ), FOISSNER et al. (1999 and literature cited therein were used for identification. For all observed specimens, individual cell volume was calculated (using simple shape models) from dimensions measured in the protargol stained samples.
The zooplankton samples were fixed by formaldehyde (4% final concentration), and counted on an inverted microscope (Nikon Diaphot). The length of individual species was measured to estimate their biovolume (rotifers, nauplii) or dry weight (most crustaceans).
Finally, biovolumes or dry weight of the plankton were converted to carbon biomass (in µg C L −1 ) according to conversion factors published in STRAŠKRABOVÁ et al. (1999) (phytoplankton and zooplankton), VRBA et al. (2003b) (unicellular bacteria and filaments), and JEROME et al.
(1993) (ciliates). All plankton data from samples taken on a vertical profile were averaged as volume-weighted biomass with respect to the morphometry of the particular lake.
Results

Water chemistry
All the lakes, except the shallow LA, were thermally stratified in September 2003, with depleted concentrations of dissolved oxygen above the bottom; pronounced bottom oxygen deficits (< 1 mg O 2 L −1 ) were found in CT, PR and PL (data not shown). Secchi depth varied from 1.0 m to 9.8 m (Tab. 2). On the basis of the current acidity of their tributaries, the lakes were divided into the two following groups: Group 1, strongly acidified lakes (RA, CN, CT, PL), with inlet water pH < 4.6 and a depleted carbonate buffering system (negative ANC values in the lakes); and Group 2, moderately acidic lakes (PR, KA, GA, LA), with inlet water pH > 5.1 and positive in-lake ANC values. In both groups there were pH gradients between the tributaries and the epilimnion due to in-lake alkalinity generation; thus the carbonate buffering system was re-established in the lakes of Group 2 (Tab. 2). The pH gradients caused changes in Al speciation, hydrolysis of ionic Al forms and formation of Al part precipitate in all lakes. The tributaries delivered higher Al T concentrations to the lakes of Group 1. The most pronounced decrease in Al T concentration between the tributary and epilimnion (in-lake Al retention) was observed in the lakes with the strongest pH gradients (RA and PL, Tab. 2). The PL inlets delivered the highest TP concentration; however, its epilimnetic concentration was by 30% lower compared to its tributaries, indicating high TP retention in this lake (Kopáček et al., 2006b) . Besides PL, only lakes RA and PR had detectable SRP concentrations from their tributaries, whereas their epilimnetic SRP concentrations were below the detection limit. Both C : P and S456 L. Nedbalová et al. Explanations: In. -discharge-weighted means of the main inlets (n = 2-3 per lake); Sur. -surface samples (n = 1); Z S -transparency; ANC -acid neutralising capacity; Si -reactive silica; TP -total phosphorus; SRP -soluble reactive phosphorus; TON -total organic nitrogen; TOC -total organic carbon; DOC -dissolved organic carbon; Al T -total reactive aluminium; Al i -ionic aluminium; Alpart -particulate aluminium; chl-a -chlorophyll-a, ND -not determined; for lake codes, see key in Table 1 .
Fig. 2. Comparison of plankton biomass in the Bohemian
Forest lakes in September 2003, based on volume-weighted means of phytoplankton, bacteria < 5 µm, heterotrophic filaments, ciliate, and zooplankton biomass; biomass of heterotrophic nanoflagellates was negligible. For lake codes, see key in Table 1 . Groups 1 and 2 refer to strongly acidified and moderately acidic lakes, respectively (see text).
N : P molar ratios in seston suggested the most severe P limitation in PL, followed by other lakes, and only moderate P limitation in PR (Tab. 2).
Composition of plankton biomass
Both quantitative and qualitative composition of the volume-weighted plankton biomass differed largely among the Bohemian Forest lakes in September 2003.
Generally, heterotrophic filaments and unicellular bacteria, phytoplankton, and partly zooplankton constituted major parts of the total biomass; heterotrophic flagellates (data not shown) and ciliates were relatively unimportant ( Fig. 2) . CN, CT and RA were characterised by low values of total plankton biomass (∼100 µg C L −1 ) with a high proportion of heterotrophic microbial biomass (> 50%). On the other hand, higher values of the total biomass were found in the lakes of Group 2 (∼200-400 µg C L −1 ), where phytoplankton together with zooplankton constituted more than 70% of total biomass. The highest biomass (∼600 µg C L −1 ), with a unique structure (70% phytoplankton), was characteristic for PL. A high proportion of heterotrophic microbial biomass was typically formed by long filaments (> 100 µm); unicellular bacteria dominated only in PR (Fig. 2) . Bacterioplankton did not show any clear trend in vertical distribution in most lakes; only in PR and PL, we observed a marked hypolimnetic peak of unicellular bacteria, associated with the most pronounced oxygen depletions in these lakes. The volume-weighted heterotrophic microbial biomass was lowest in PR (27 µg C L −1 ), whereas the highest values were in PL (167 µg C L −1 ) and RA (98 µg C L −1 ).
The number of phytoplankton species identified in the lakes during the survey in 2003 was rather low (15-27 taxa, Tab. 3). The lakes did not differ significantly in the taxonomic composition of phytoplankton, but the proportion of biomass from particular species Biological recovery of Bohemian Forest lakes S457 Table 3 . Phytoplankton taxa in the lakes in September 2003. Total number of present taxa  20  19  22  21  15  17  27  16 Explanations: x -present species; xx -important component of phytoplankton biomass; -absent species; for lake codes, see Table 1 . Fig. 3 . Relative contribution of different species or taxonomic groups to the total biomass of phytoplankton in the Bohemian Forest lakes (volume-weighted means), September 2003. For lake codes, see key in Table 1 . Groups 1 and 2 refer to strongly acidified and moderately acidic lakes, respectively (see text).
was quite different. All the lakes except PL were dominated by flagellates from Dinophyceae (mainly Peridinium umbonatum and/or Gymnodinium uberrimum),
and Chrysophyceae (colonial mixotrophic Dinobryon spp.). In PL, the coccal green alga Monoraphidium dybowskii prevailed both in terms of abundance and S458 L. Nedbalová et al. Foissner, 1992 Rimostrombidium velox Jankowski, 1978 F biomass (Fig. 3) . Concerning vertical distribution, a distinct hypolimnetic peak of phytoplankton was observed only in RA (11 m), while in the other lakes, the maximum phytoplankton biomass was in the mixing (epilimnetic) layer. The highest phytoplankton biomass was observed in PL (volume-weighted mean: 419 µg C L −1 ), followed by PR (238 µg C L −1 ), KA (154 µg C L −1 ), GA (109 µg C L −1 ), and LA (73 µg C L −1 ). Extremely low (23-39 µg C L −1 ) phytoplankton biomass was characteristic for RA, CN, and CT (Fig. 2) . Three to 15 ciliate species were found in each lake in this survey (Tab. 4). The lakes were characterised by the dominance of prostomes; algivorous hunting prostomes (genera Urotricha, Holophrya and Prorodon)
were found in all lakes, mostly dominating both in number and biomass. Though picoplanktivorous or omnivorous ciliates were not scarce, they only seldom dominated the ciliate assemblages, as was the case with Halteria spp. in KA. Bottom oxygen depletions or anoxia resulted in a higher contribution of hymenostomes and odontostomatids (Epalxella sp.) to the ciliate assemblage, mainly in CT and PL. PL showed the highest ciliate abundance in the water column (mean of 10 cells ml −1 ; ∼25 cells ml −1 in the epilimnion) which reflected the high abundance of prostomes (Urotricha spp.). There were also abundant ciliates in the whole water column of KA (mean of 4.4 cells ml −1 ; Halteria sp., Cyrtolophosis elongata). Lower ciliate numbers Biological recovery of Bohemian Forest lakes S459 
Total number of species 4 3 2 7 5 4 7 7
Explanations: x -present; xx -relatively important; -absent; for lake codes see Table 1 .
(2-3 cells ml −1 ) were observed in particular layers of some other lakes, e.g., in the epilimnion of CT (prostomes) and below the thermocline in PR, CN and GA (mainly prostomes). The maximum ciliate contribution to plankton biomass accounted for ∼3% in KA (volumeweighted mean: 7.0 µg C L −1 ) and CN (3.1 µg C L −1 ), and ∼1% in PL (5.9 µg C L −1 ; Fig. 2 ). Metazoan zooplankton were represented by a low number of species (2-7), and differed according to the acid status in the Bohemian Forest lakes (Tab. 5). While CT, RA, CN, and PL belonged to Group 1 (strongly acidified lakes) with a low share (< 2%) of zooplankton biomass (between 0.1 and 10.2 µg C L −1 in RA and PL, respectively), higher zooplankton biomass in the other lakes of Group 2 (Fig. 2) reflected their current chemistry (Tab. 2). The highest biomass (129 µg C L −1 ) of zooplankton (dominated by Crustacea) was found in PR.
Typical pelagic species of crustacean zooplankton were absent in the most acidic lakes CT and RA, where only rotifers (Polyarthra remata, Microcodon clavus, Keratella serrulata) and the tychoplanktonic crustacean Acanthocyclops vernalis (Copepoda) and/or nauplii were found. Another rotifer, Brachionus urceolaris (in its ecomorph "sericus", typical for acid waters -see Koste, 1978) was encountered in CN and PL; all five species of rotifers occurring in PL (Tab. 5) were acid-tolerant. They have been observed in the lake since 1990, but their abundance increased by two orders of magnitude between 1992 and 1997 ( Fig. 4) . PL differed from all other lakes by the presence of the large, acid-tolerant copepod Heterocope saliens. On the other hand, the crustacean Ceriodaph-nia quadrangula (Cladocera) was found in the open water of CN (but was more frequent in the stony littoral).
The pelagial of PR was inhabited by the crustaceans Daphnia longispina (Cladocera) and Cyclops abyssorum (Copepoda), which survived the peak of acidity in the 1980s. Ceriodaphnia quadrangula, not encountered in the previous surveys of PR, was abundant in the littoral zone among Carex (not listed in Tab. 5). The same species, however, was found in the open water of KA. GA and PR were the only two Bohemian Forest lakes where the planktonic copepod Cyclops abyssorum currently occurred. LA was remarkably poor in planktonic crustaceans; the only crustacean found in open water was Acanthocyclops vernalis. A rotifer species (Keratella hiemalis) was newly found in GA and LA, whereas Keratella ticinensis and Keratella valga occurred exclusively in LA and KA, respectively.
Composition of macrozoobenthos
Recent littoral macrozoobenthos samples exhibited from 10-12 (RA, GA, KA) to 32 (shallow LA) species of the insect orders Ephemeroptera (4 species), Odonata (8 species), Plecoptera (11 species), Megaloptera (2 species), Neuroptera (1 species), and Trichoptera (16 species; Tab. 6). Species composition of both Ephemeroptera and Plecoptera exhibited pronounced changes compared to the 1990s. The most acid-tolerant mayfly species, Leptophlebia vespertina, occurred in all the lakes. Moreover, two other species, Ameletus inopinatus and Siphlonurus lacustris (first record in CT), returned to most lakes and S. alternatus survived in LA (Tab. 6). This survey also con-S460 L. Nedbalová et al. L., 1758) - Retzius, 1783) n n n n -n -n Nemurella pictetii (Klapálek, 1900) n n x n n n n n Protonemura auberti Illies, 1954 Explanations: x -present species; n -new species, never found in former surveys; m -missing species in this survey, September 2003, but found in former surveys (NOVÁK, 1996; HOLUŠA, 1996 HOLUŠA, , 2000 SOLDÁN et al., 1998; CHVOJKA & NOVÁK, 2001; SCHAUMBURG, 2000; VRBA et al., 2003a) ; -absent species; for lake codes see Table 1 .
A u g 1 9 9 0 J u l 1 9 9 1 J u l 1 9 9 2 J u l 1 9 9 7 A u g 1 9 9 8 S e p 1 9 9 9 J u l 2 0 0 1 
Biological recovery of Bohemian Forest lakes
S461
firmed returning of four extinct stonefly species (Leuctra fusca, L. handlirschi, L. nigra, and N. cinerea) to the Bohemian Forest lakes on the whole, and several other species to some of the lakes (cf. n in Tab. 6). In addition, for all the lakes studied, we recorded a few new species of the Odonata (Somatochlora metallica in CN and Cordulia aenea in KA), Megaloptera (Sialis fuliginosa in LA), Neuroptera (Sisyra fuscata in LA), and Trichoptera (Halesus sp. and Phryganea striata; see Tab. 6).
Discussion
Species composition of macrozoobenthos
Unlike in the plankton composition, the first recent comparative survey of macrozoobenthos in all Bohemian Forest lakes showed surprising differences between the southern (RA, KA, GA) and northern (CN, CT, PL, PR, LA) lakes (cf. Fig. 1 ). The latter showed roughly double the species diversity of benthic insects than the former; the highest number of species occurred in the shallow LA (Tab. 6) with vast submersed vegetation. We assume that environmental conditions of the northern lakes may be more suitable overall for boreal species of macrozoobenthos; the Bohemian Forest represents the southern border of distribution of several boreal species (Soldán et al., 1996) . The species composition of Odonata in the lakes corresponds to that recorded in recent surveys in the region (Holuša, 1996 (Holuša, , 2000 . The only species of Neuroptera was found in LA for the first time; it was known solely from KA a century ago (Klapálek, 1903) . One of either species of Megaloptera have recently been found in six lakes (Tab. 6), Sialis lutaria was reported from CN and GA already by Frič & Vávra (1897) and Klapálek (1903) , respectively. Also, Bitušík & Svitok (2006) analysed recent Chironomid assemblages of all Bohemian Forest lakes from this survey that have suggested different grouping of the lakes.
Plankton species composition and biomass
Phytoplankton of the Bohemian Forest lakes are composed of a rather low number of species with a dominance of flagellates from Dinophyceae and Chrysophyceae (Tab. 3). Namely Peridinium umbonatum, Gymnodinium uberrimum and Dinobryon spp., which are characteristic for acidified lakes elsewhere (e.g., Almer et al., 1978; Hörnström, 1999) . Despite differences in acidification status and nutrient availability, the list of phytoplankton species is surprisingly similar for all the lakes. However, these differences markedly affect the relative contribution of particular species to the total phytoplankton biomass (Fig. 3) . The high proportion of large Gymnodinium uberrimum in lakes with filtering zooplankton is probably the effect of selective grazing (Fig. 3, Tab. 5; Vrba et al., 2003b) . On the other hand, this effect does not play major role in the occurrence of another large acid-tolerant dinoflagellate, Peridinium umbonatum (Fig. 3 , Tab. 5; Havens & De Costa, 1985) . The unique phytoplankton structure and biomass in PL (Figs 2, 3) is probably caused by increased P availability in this lake (Tab. 2; cf. Rosén, 1981; Vrba et al., 2003a) , combined with high tolerance of the dominant green coccal alga Monoraphidium dybowskii to increased concentration of reactive Al (Hörnström et al., 1995) . Generally, the ciliate taxa found in the Bohemian Forest lakes do not markedly differ from those reported from other mountain lakes. Very minute Urotricha sp. (resembling U. globosa) numerically dominated within this specialised algivorous genus. In contrast to many lakes, U. furcata, U. pseudofurcata, and large urotrichas were less abundant as were the genera Holophrya and Prorodon; even Balanion planctonicum occurred in negligible numbers, contrary to its dominance in many oligo-to mesotrophic lakes (e.g., Müller, 1989; Salbrechter & Arndt, 1994; Wille et al., 1999) . Little is known about effects of the acid stress on the ciliates so far, but a recent study of the pH effect on three Urotricha species (Weisse & Stadler, 2006) suggests that the current pH in some Bohemian Forest lakes may still be lower than the pH optima of prostomatids.
Heterotrophic Coleps spp. were observed in the decaying phytoplankton above the bottom as usual (e.g., Salbrechter & Arndt, 1994) . The composition of benthic/microaerobic ciliates above the bottom of some Bohemian Forest lakes was very distinct from other water column samples; large hymenostomes, such as Dexiotricha sp. or Lembadion sp., non-symbiotic Stentor sp., Trachelius ovum, and anaerobic Caenomorpha sp. were observed in the late 1990s (Macek, 2002) . In the present survey, however, hymenostomes were very scarce and anaerobic odontostomatids were found only in PL. Overall, the above-bottom layers were apparently less anoxic in 2003 (cf. Macek, 2002) . A very high abundance of colpodids (Cyrtolophosis elongata) was found in KA. This ciliate is common in mosses and its occurrence in the surface layer was very likely due to floating sphagnum islands (cf. Weilner, 1997) . The picoplanktivorous Halteria sp. was the dominant ciliate in deeper layers of KA.
The common rotifers currently occurring in the open water of most Bohemian Forest lakes are Brachionus urceolaris "sericus", Collotheca pelagica, Keratella serrulata, Microcodon clavus, Polyarthra remata, and Synchaeta tremula (Vrba et al., 2003a;  this study). with positive ANC at present: K. hiemalis (GA, LA), K. ticinensis (LA), and K. valga (KA). All of them are known from acidified sites elsewhere: the first two from Norwegian lakes , the last one from drinking water reservoirs in the Jizera Mountains, the Czech Republic (Z. Hořická, pers. commun.). It is possible that with the ongoing chemical reversal, these species will invade other Bohemian Forest lakes as well.
Although LA now has the carbonate buffering system and is fishless, the lake was remarkably poor in planktonic crustaceans in the 2003 survey, while Ceriodaphnia quadrangula and Daphnia longispina (Cladocera) were recorded previously in low numbers (Vrba et al., 2003a) . The reason for poor zooplankton in LA has most probably been the phantom-midge larva, Chaoborus obscuripes (van der Wulp, 1859), but quantitative data on its abundance are missing. These larvae, which took over the niche of top predators after the extinction of fish, are efficient predators upon rotifers and juvenile crustaceans. After the onset of chemical reversal they cause a biological resistance to the successful biological recovery in zooplankton . A full establishment of crustacean zooplankton can be expected only after the re-appearance of the indigenous fish, i.e., brown trout, in the lake.
Structure of plankton biomass
The quantitative structure of pelagic food webs is very diverse in the Bohemian Forest lakes (Fig. 2 ) due to differences in their acidification status and nutrient loading (cf. Tab. 2). In the most acidified and oligotrophic CN, CT, and RA, bacterioplankton dominate the plankton biomass. The importance of bacteria in pelagic food webs is a typical feature of oligotrophic clear-water mountain lakes sensitive to acidification (Callieri & Bertoni, 1999; Straškrabová et al., 2000) . The predominance of bacteria in strongly acidified Bohemian Forest lakes is associated with very low P availability, caused by the combination of its low input and in-lake immobilisation . Bacteria are superior competitors to phytoplankton for P under low P (Currie & Kalff, 1984) . Furthermore, the growth of both bacteria and phytoplankton may be limited due to inactivation of their extracellular phosphatases at high concentrations of Al i (Bittl et al., 2001) . Another common feature of CN, CT, and RA is very low zooplankton biomass as a result of an absence or very low abundances of planktonic Crustacea, which leads to the persisting dominance of the microbial loop in pelagic food webs of these lakes (Vrba et al., 2003a) .
In contrast to the chronically acidified lakes, plankton biomass in the lakes with higher pH and/or better P availability is characterised by a low (< 30%) proportion of bacterioplankton. Phytoplankton and zooplankton were the main components of biomass in PR, KA, GA, and LA, where crustacean zooplankton survived the period of the most severe anthropogenic acidification (Fott et al., 1994; Schaumburg, 2000) . On the other hand, phytoplankton dominates the plankton of PL due to high SRP input from its catchment (Tab. 2). The prevalence of phytoplankton in a strongly acidified lake was also observed in the High Tatra Mts , but it is rather unusual.
Overall, a high occurrence of filamentous bacteria is typical for all four chronically acidified lakes (Group 1) with the entire absence of crustacean herbivorous filtrators, whose grazing reduces the occurrence of filaments in most of the other lakes (Vrba et al., 2003b; this study, Tab. 4 and Fig. 2) .
The levels of total plankton biomass reflect the actual nutrient status of the lakes, which is the result of a complex interplay between pH and phosphorus and aluminium concentrations in tributaries and lake water (for details, see Vrba et al., 2006) . Natural P immobilisation by Al part has been recently recognised as a common and important mechanism in any water body with elevated Al input and a pH gradient between its inlet and outlet . During the 2000-2005 period, this mechanism immobilised ∼24% of annual TP input to CT in lake sediments (Kopáček et al., 2006a) but as much as ∼50% of the relatively high TP input in PL (Kopáček et al., 2004 (Kopáček et al., , 2006b . Consequently, the severest P limitation of the plankton occurred in the oligotrophic acidified lakes (CT, CN, RA), as well as in the mesotrophic PL. On the other hand, the combination of moderate TP with low Al T inputs in PR likely released its plankton from such severe P stress (cf. the lower seston C : P ratio in PR; Tab. 2). We assume that the interplay of both Al and P inputs with in-lake alkalinity generation (pH gradient) seriously affect the stoichiometry of resources and consumers, as well as the whole ecosystems (Sterner & Elser, 2002) . Hence, the stoichiometry may determine structure and dynamics of the lake plankton, overall food web structure, and even the potential for biological recovery of the studied lakes from acid stress.
Biological recovery
Reversal of water chemistry has been well documented in each Bohemian Forest lake after > 80% and 35% reduction in S and N deposition, respectively (Kopáček et al., , 2002 . The most significant change in chemistry of the lakes has been the rapid decrease in Al T concentrations (by ∼50% during the last two decades; cf. Veselý et al., 1998; Tab. 2, this study) . In theory, such a large decrease in atmospheric deposition should release the ecosystem from acid stress. The biotic response of the lake ecosystems, however, has been lagging behind the chemical recovery.
This study has shown further progress in reversal of lake water chemistry, as well as the evidence of biological recovery in most Bohemian Forest lakes compared to the 1999 survey (Vrba et al., 2003a) . In particular, the current chemical status of KA and PR (Tab. 2) and
Biological recovery of Bohemian Forest lakes S463 the increase in the zooplankton biomass in the whole Group 2 are remarkable (Fig. 2) . Olsson & Pettersson (1993) reviewed contradicting hypotheses concerning oligotrophication during acidification. The internal P cycle and P availability for phytoplankton in the Bohemian Forest lakes remains obviously disrupted as a consequence of acidification Bittl et al., 2001) . During this survey, we did not observe any significant general change in phytoplankton biomass in comparison with the 1999 data. We could not confirm the increasing trend in phytoplankton biomass following chemical reversal which was previously reported for PL (from 1994 (from to 1998 (from , Vrba et al., 2003a (from , 2006 . This is most likely the result of complex conditions accompanying current changes in lake water chemistry. Although Al i concentration decreased, suggesting a possible reduction of its inhibitory effect on extracellular phosphatases (Bittl et al., 2001) , P immobilisation by Al part still remains very important at the current pH in PL (Kopáček et al., 2004 (Kopáček et al., , 2006b .
The recovery of phytoplankton species diversity and a shift towards circum-neutral assemblages have been observed following the chemical reversal of lakes from acidification in Europe and Northern America (e.g., Hörnström, 1999; Findlay, 2003) . In the present study, however, we have not observed any shift in the phytoplankton species composition accompanying the chemical reversal in any of the Bohemian Forest lakes, compared to the previous data (Vrba et al., 2003a) . The majority of phytoplankton species living in the harsh environment of the acidified headwater lakes is probably able to adapt to the changing pH and related factors. In the most intensively studied CN, the qualitative phytoplankton structure has remained surprisingly stable despite drastic changes in lake water chemistry within the last seven decades (Fott et al., 1994; Vrba et al., 2003a) . Most likely, we cannot expect significant changes in phytoplankton diversity of the lakes even with improving lake water chemistry in the future, and the response of the assemblage will be limited to changes in biomass and relative proportion of species due to the varying importance of bottom-up and top-down control.
We could not as yet confirm a trend in the recovery of the ciliate community in any of the studied lakes except in CN. The occurrence of other than prostomatid taxa in this lake was surprising, in particular that of Rimostrombidium velox, a typical ciliate of large lakes (Tab. 4). Also, the present numbers of prostomes in CT and PL are their highest eplimnetic abundances ever observed (cf. Macek, 2002) . On the other hand, ciliate (in particular oligotrich) numbers in PR and LA were lower in 2003 than in 1999 (Tab. 4 ). This is not so surprising because, except for some seasonal peaks, bacterivorous and/or omnivorous fine filter-feeding ciliates were quite scarce in the Bohemian Forest lakes (Macek, 2002) .
The first signs of recovery in zooplankton (with respect to the early 1990s) are the re-appearance of Ceriodaphnia quadrangula to CN and the increase in abundance of rotifers in PL (Fig. 4) . Despite the two-orderof-magnitude increase in rotifer abundance, the share of zooplankton biomass to the total pelagic biomass remains very low in PL (Fig. 2) . The obstacle to a recovery of crustacean zooplankton in LA seems to be the predatory impact of Chaoborus larvae.
Overall, this survey is the first evidence of the return of some insect species that were extinct during acidification of the lakes and still absent a decade ago (cf. Tab. 3 in Vrba et al., 2003a) . In particular the two mayflies (A. inopinatus and S. lacustris), although originally known from most of the Czech lakes (CN, CT, PL, PR, LA), has newly re-appeared in all of them, contrary to the late 1990s (Vrba et al., 2003a) . Similarly, many additional species of Plecoptera have returned to some lakes (cf. CT, PL, PR, LA in Tab. 6, this study, with Tab. 3 in Vrba et al., 2003a) . Of the 47 species of Trichoptera ever found in the Bohemian Forest lakes and adjacent running waters, only six species (Agripnia varia, Apatania fimbriata, Halesus sp., Limnephilus griseus, Limnephilus stigma, and Phryganea striata) might represent those recovering from acid stress, whereas the other listed in Table 6 probably survived the period of lake acidification.
On the other hand, some invertebrate top predators currently present in the lakes due to the absence of fish, such as water bugs (Glaenocorisa propinqua (Fieber, 1860), Heteroptera; M. Papáček, pers. commun.), phantom midges (Chaoborus obscuripes, Diptera), Odonata, and Megaloptera (cf. Tab. 6) larvae, may prevent full recovery of zooplankton.
This study suggests that the beginning of biological recovery has been delayed for almost two decades after their chemical reversal, similarly to other acidified lake districts (e.g., Jeffries et al., 2003; Skjelkvåle et al., 2003; Wright et al., 2005) . Yan et al. (2003) suggested conceptual frameworks for the biological recovery of aquatic ecosystems from acid stress. They considered ecological, i.e., biotic responses, such as availability and/or dispersal of colonists, population size and growth, or community interactions. We can presume that the unassisted dispersal rate of extinct species will be very low for the lakes studied due to their remoteness. We further assume that both population growth and food web structure reflect current resource and consumer stoichiometry (see above, Sterner & Elser, 2002) . We also suppose that ecosystem resistance (see above, may prevent full biological recovery of the lakes until fish return. Further research of these unique ecosystems from acid stress may help in both understanding the mechanisms and verifying the conceptual frameworks of biological recovery from acid stress.
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